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Distribution systemsAbstract This paper investigates feeder reconﬁguration in balanced and unbalanced networks and
presents an efﬁcient method to optimize practical distribution systems by means of simultaneous
reconﬁguration and distributed generation (DG) allocation. A precise and robust load ﬂow algo-
rithm is applied and a composite multi-objective function is formulated to solve the problem which
includes: 1. power loss saving, 2. voltage proﬁle, 3. voltage unbalance, and 4. current unbalance of
the system. The genetic algorithm (GA) is utilized to search for optimal solution. Results show sig-
niﬁcant reduction in power loss and number of voltage violations. Moreover, in unbalanced cases,
ability of proposed method in three-phase balancing is demonstrated.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Reconﬁguration is one of the most economic methods for loss
reduction in distribution systems [1]. These systems are usually
meshed in design but are operated radially for protective issues
[2,3]. Thus, switching operations are common in distribution
networks in order to transfer load from one feeder to another
one while keeping operating structure radial. Such operations
are so called reconﬁguration that is performed by sectionaliz-
ing and tie switches [4,5]. In addition to loss reduction, recon-
ﬁguration also improves other operational parameters such asvoltage proﬁles and load balancing between system equipment
[6,7].
Search methods, techniques of network analysis and objec-
tive functions are the major issues that have been proposed
and studied gradually since more than four decades from
reconﬁguration’s ﬁrst introduction.
From the perspective of search algorithm among network
conﬁgurations, studies can be divided to three categories
including heuristic, classic and smart methods. Forefronts of
heuristic methods are Merlin and Back [8] who offered the
sequential opening algorithm. Another heuristic method was
proposed by Civanlar et al. [9], named branch exchange algo-
rithm. Simplicity is the main advantage of heuristic methods.
However, these algorithms are greedy and do not consider
the problem as a whole thing and may give undesirable results.
Solutions have been proposed in the ﬁeld of classic optimiza-
tions [10]; but, due to the discrete nature of the problem and
radial constraint, this kind of optimization may not have the
required effectiveness. Stochastic methods or the so-called
smart methods are an appropriate option to be used in the
search process. Genetic algorithm (GA) [11,12], ant colony
Figure 1 Three-phase distribution feeder model.
736 S.A. Taher, M.H. Karimisearch [13], particle swarm optimization [14], differential evo-
lution [15,16], immune system [17], simulated annealing [18],
tabu search [19] and harmony search algorithm [4] are some
of the proposed smart methods.
From network analysis techniques point of view, compen-
sation based algorithms [20], Newton–Raphson based methods
[19,21] and backward/forward sweep-based algorithms [22,23]
are the common techniques that have been utilized by
researchers in the reconﬁguration process, which the latter is
the most popular in load ﬂow calculations of distribution net-
works. The issue that is raised here is discrepancies in the
reported values of different articles, especially large differences
in the calculated loss [24]. Therefore, it is necessary to use a
robust load ﬂow algorithm that is able to follow changes in
the network in the reconﬁguration process in addition to high
precision. Although this issue has been pointed out in [24], the
implemented algorithm analyzed the system in balanced condi-
tions and unbalanced three-phase analysis was not taken into
consideration.
Classifying from objective function viewpoint, in addition
to loss reduction which is probably the main objective of
reconﬁguration problem, other objectives such as overload
reduction [25], voltage proﬁle improvement [26], safety maxi-
mization [27], number of switching reduction [5], feeders load
balancing [28], drawn reactive power minimization [21], and
long interruptions costs reduction [23] have been discussed.
According to the unbalanced nature of distribution systems
and the tendency toward minimizing unbalance effects in the
systems, other objective functions, such as voltage and current
unbalance, can also be raised in optimal reconﬁguration,
which have been rarely considered.
The presence of distributed generation (DG) sources is a
noteworthy issue in distribution system reconﬁguration. It
leads to more power loss saving, reduction of the drawn cur-
rent from main substations, more balanced feeder loads and
improvement in the system voltage proﬁle [13,29]. Penetration
of such units into distribution systems is increasingly growing
due to the advantages they provide, which include more reli-
ability, higher power quality, higher efﬁciency, etc. [30,31].
Not taking into account three-phase unbalanced structure
of distribution systems, not considering unbalance indices as
an objective of the problem and disregarding unbalanced
DG allocation are the major deﬁciencies of almost all previous
studies in three-phase reconﬁguration, whereas unbalanced
conditions are inherent and integral parts of any distribution
networks. For example, in [29,32–34], although three phase
reconﬁguration was carried out, the proposed algorithm pro-
vided optimal conﬁguration only in order to reduce losses.
Moreover, network structure was assumed to be balanced
for all three phases in [35–37] and reconﬁguration was done
by considering solely unbalanced operating conditions.
Impacts of considering DGs in the reconﬁguration process
have been studied in [13,30,31,38]; however, they did not take
unbalanced DGs into account.
Although reconﬁguration of distribution systems is an
operation problem, it can also be used in planning studies with
a different interpretation. It is clear that the results of optimal
DG allocation depend on network conﬁguration. In addition,
the presence of DGs may affect the reconﬁguration results
which have mentioned earlier. Therefore, the best system per-
formance is achieved by DG allocation while considering the
status of sectionalizing and tie switches in the planning phase.In other words, a new and more comprehensive planning prob-
lem can be deﬁned by taking mutual impacts of DGs and net-
work conﬁguration into account. This issue has been reported
in capacitor placement problem [25], DSTATCOM allocation
problem [39], and two recent study about DG allocation prob-
lem in balanced networks [40,41].
The main contributions of this paper include:
1. Balanced and unbalanced DG allocation along with
reconﬁguration is carried out in a joint strategy to
investigate system capability in power loss saving,
and voltage proﬁle improvement.
2. Power of unbalanced DG allocation and reconﬁgura-
tion in three-phase balancing is studied.
3. A new composite objective function is proposed to
decide on the best solution of the multi-objective
problem.
4. A three-phase load ﬂow algorithm which has been
reported recently is implemented and optimization is
performed with regard to structural and operational
unbalanced conditions.
5. The proposed algorithm is applied for balanced and
unbalanced test networks and considerable effects of
DG units proper allocation on: power loss reduction,
balanced three-phase voltages and currents (in case of
unbalanced studies), and voltage violation improve-
ment are observed.
2. Problem statement
This work performs feeder reconﬁguration with DG allocation
in both balanced and three-phase unbalanced conditions to
minimize losses, voltage violations, and voltage and current
unbalance factors. In order to do so, the mathematical model
of the distribution system and its components are given ﬁrst
and objective functions of the problem are formulated
afterward.
2.1. Modeling distribution system
Overhead and underground feeders of distribution network
are modeled with an impedance matrix given in Eq. (1). A sec-
tion of such feeders is shown in Fig. 1.
½Zabcn ¼
Zaa Zab Zac Zan
Zba Zbb Zbc Zbn
Zca Zcb Zcc Zcn
Zna Znb Znc Znn
2
6666664
3
7777775
ð1Þ
Figure 3 PQ three-phase DG model.
Figure 4 Distribution line model.
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both sides; hence, using Kron’s reduction yields reduced order
matrix Zabc as follows:
½Zabc ¼
Zaa Zab Zac
Zba Zbb Zbc
Zca Zcb Zcc
2
64
3
75 1
Znn
Zan
Zbn
Zcn
2
64
3
75 Zna Znb Znc½ 
ð2Þ
Therefore, either in four- or three-wire system, distribution
lines are modeled by a 3 · 3 matrix, as given above.
Loads are considered to have a constant power characteris-
tic and modeled with a PQ model that could be whether bal-
anced or unbalanced, depending on simulation conditions
(Fig. 2). In modeling DG resources, it is assumed that these
resources are operated in PQ mode and are able to be con-
trolled independently for each three-phase (Fig. 3).
In case of balanced network modeling, equal diagonal
terms and zero mutual couplings are assumed. It is clear that
load consumption and DG power injections are also balanced
in such networks; therefore, same complex power values are
considered for each three phases in modeling balanced loads
and DG resources.
2.2. Objective functions
2.2.1. Power losses
Loss reduction is often considered as initial target in the recon-
ﬁguration problem. Also, it usually leads to improvement in
voltage proﬁles and release of line capacity. In Fig. 4, the
model of each branch in the distribution system is given.
Accordingly, the losses of each branch are calculated via fol-
lowing relations [42]:
PaLoss;brðijÞ ¼ RefðVai  Vaj ÞðIaijÞg
PbLoss;brðijÞ ¼ RefðVbi  Vbj ÞðIbijÞ
g
PcLoss;brðijÞ ¼ RefðVci  Vcj ÞðIcijÞg
ð3Þ
where PaLoss;brðijÞ denotes to branch active power loss of phase
‘a’. Total loss of a distribution line is calculated by summation
of the losses in each phase for all closed branches; that is:
PTotalLoss ¼
X
brðijÞ
rbrðijÞ P
a
Loss;brðijÞ þ PbLoss;brðijÞ þ PcLoss;brðijÞ
 
ð4Þ
rbr(ij) is a binary factor which represents status of the branch. It
has zero value if the branch is open and unit value in case of
closed branch.
Per unit loss is deﬁned as an index of improvement in power
loss reduction, which is given as follows:P a
+
jQ
a
P b
+
jQ
b
P c
+
jQ
c
Figure 2 PQ three-phase load model.PpuLoss ¼
PNewLoss
PBaseLoss
ð5Þ
where PNewLoss is power loss of new system and P
Loss
Base is power dis-
sipation of base system (initial network). Ideally, the optimum
power loss for a system is zero. On the other hand, in case of
no loss reduction is observed in the system, no improvement is
possible. Therefore, in this study per unit power loss varies
between zero and unity which are the best and worst cases,
respectively.2.2.2. Voltage violations
The next proposed goal is to minimize voltage violations at
load nodes. Permissible operating voltage is deﬁned as:
0:9 pu 6 V 6 1:1 pu ð6Þ
All nodes that satisfy the above constraint comprise system
normal nodes, abbreviated with #NVN. Similarly #NVP is
deﬁned as the number of normal phases which could reach 3
for each node. Thus, reducing voltage violations is equivalent
to increment in number of the normal nodes or phases of the
network. Percentage of number of normal nodes improvement
is deﬁned as follows:
LNVN ¼ #NVN
new þ e
#NVNbest
ð7Þ
where #NVNnew is the number of normal nodes and #NVNbest
is the best expected number of normal nodes, which is equal to
the number of nodes of the system. e is a negligible constant,
which is added to avoid having null indices. Its value is chosen
to be 0.01. When all nodes have in range voltage values, LNVN
is about unity. It is almost zero, in the worst case, that there is
738 S.A. Taher, M.H. Karimino voltage constraints satisfaction. Similarly, the following
index is deﬁned for unbalanced studies:
LNVP ¼ #NVP
new þ e
#NVPbest
ð8Þ
where #NVPnew is the number of normal phases and #NVPbest
is the best expected number of normal phases. Same explana-
tions that have been discussed above are also applied here.
2.2.3. Voltage unbalance
Three-phase voltage balancing is one of the proposed objec-
tives. Actually, the less amount of unbalance, the more desir-
able it would be. Using true deﬁnition for voltage unbalance
[43], the percentage voltage unbalance factor (VUF) is identi-
ﬁed. True deﬁnition for voltage unbalance is deﬁned as follows
[43]:
VUF ¼ jV2jjV1j  100% ð9Þ
where V1 and V2 are positive and negative sequence voltage,
respectively. Busses with VUF lower than or equal 3% are
considered to be normal (according to [44]) and are repre-
sented by #BVN. Lastly, the following normalized index is
deﬁned to be used in the optimization process:
LBVN ¼ #BVN
new þ e
#BVNbest
ð10Þ
where #BVNnew is number of nodes with balanced voltage of
the new network and #BVNbest is the best number of balanced
voltage nodes that could be achieved, which is equal to the
number of system nodes. Thus, LBVN varies within the interval
of [0,1]; that is, zero or unity for the worst and the best case,
respectively. As previously mentioned, e is a negligible con-
stant added to avoid null index.
2.2.4. Current unbalance
Unbalanced current as well as unbalanced voltage is quantiﬁed
using the IEEE true deﬁnition for current unbalance. It is
another goal of the optimization process, so moving toward
a less unbalanced condition is followed in this study. The num-
ber of feeders with balanced three-phase currents determines
overall status of system with respect to three-phase current
unbalance. Percentage of current unbalance factor (CUF) is
deﬁned as follows [43]:
CUF ¼ jI2jjI1j  100% ð11Þ
where I1 and I2 are positive and negative sequences of currents,
respectively, and can be calculated for each feeder. In the opti-
mization process, following normalized parameter is deﬁned:
LBCF ¼ #BCF
new þ e
#BCFbest
ð12Þ
where #BCFnew and #BCFbest are number of balanced current
feeders of new and base systems, respectively. According to
[44], a feeder is assumed to be balanced if its calculated CUF
is below 20%. The best case occurs when all feeders are bal-
anced, which means that #BCFbest is equal to the number of
system feeders; thus, LBCF is about unity. The worst conditionis occurred when no feeder has balanced current and conse-
quently the index is approximately zero.
2.3. Composite decision-making approach
Having deﬁned objectives mentioned earlier – namely: per-unit
system power loss reduction, increment in the number of nor-
mal phases, the number of balanced current feeders, and the
number of balanced voltage nodes, they could be merged into
a composite objective function as
maxF ¼ LNVP  LBVN  LBCF  1
PpuLoss
 2
ð13Þ
Subject to:
(a) Power ﬂow equations constraint.
(b) Radial and connected network, and
(c) Limitation on penetration level and number of DGs.
In balanced studies, the composite objective function is
turned to:
maxF ¼ LNVN  1
PpuLoss
 2
ð14Þ
Note that the main objective is to reduce the power dissipated
of the distribution system and other objectives are merged with
it as penalty factors. Thus, the squared inversed per unit power
loss is utilized and penalty factors are multiplied.
2.4. Three-phase load ﬂow computations
Three-phase load ﬂow algorithm which is used here has been
given in [45]. It is based on two matrices: bus-injection to
branch-current matrix (BIBC) and branch-current to bus-volt-
age matrix (BCBV). The former relates the branch currents to
equivalent bus current injections as follows:
½B ¼ ½BIBC½I ð15Þ
where B is branch currents and I is equivalent current injec-
tions vector. Note that each branch has three conductors
and therefore has three elements in B. BCBV matrix is used
for expressing bus voltages as a function of branch currents,
network parameters and substation voltage; that is:
½DV ¼ ½BCBV½B ð16Þ
where DV is the vector of bus voltage differences compared to
substation voltage. Also, each bus has three elements to repre-
sent three phases.
Consequently, a relationship between bus voltages and
equivalent current injections of busses can be written as:
½DV ¼ ½DLF½I ð17Þ
Such that:
½DLF ¼ ½BCBV½BIBC ð18Þ
Therefore the following iterative formulas can be used to ﬁnd
the solution of load-ﬂow problem.
Iki ¼
Pi þ jQi
Vki
 
½DVkþ1 ¼ ½DLF½Ik
½Vkþ1 ¼ ½V0 þ ½DVkþ1
ð19Þ
Optimal reconﬁguration and DG allocation in balanced and unbalanced distribution systems 739where Iki is the equivalent current injection of ith bus in the kth
iteration. Vki is the voltage of ith bus at iteration k. Pi + jQi is
the injected complex power of ith bus which is calculated as
follows:
Pi þ jQi ¼ ðPiD  PiGÞ þ jðQiD QiGÞ ð20Þ
where PiD + jQiD and PiG + jQiG are the total demand and
the total power generation at the ith bus respectively.
In search of optimal solution, as the network conﬁgura-
tion changes during the reconﬁguration process, load ﬂow
algorithm generates the vector of downstream nodes, which
is essential for dynamically building the above matrices
(BIBC and BCBV), by means of a graph theory technique
called ‘‘depth ﬁrst search algorithm’’. At the time matrixes
are generated, vector of downstream nodes is utilized to
form a digraph of corresponding network topology in each
change of conﬁguration. Therefore, the graph representation
makes recognition of any loop or lack of power supply
possible.
3. Solution methodology
The problem solving process is begun ﬁrst by proper modeling
of distribution network components and loads according to
Section 2.1. Single phase or three-phase load ﬂow is performed
afterward, according to Section 2.4. Then, according to Sec-
tions 2.2 and 2.3, the proposed composite objective function
is calculated and other constraints such as radiality and
continuity of the system and maximum allowable DG size
and number are checked. Finally, GA is applied to search
for the optimal solution among feasible network topologies
and location and size of DGs.
3.1. Genetic algorithm
Evaluation and optimization of search space are performed
using genetic algorithm. GA satisfactorily works with the dis-
crete nature of the problem and also with the nonlinearity of
the objective functions and therefore is utilized to ﬁnd the opti-
mal solution.
Chromosomes consist of three parts; conﬁguration of the
network is modeled with a branch encoding scheme using
open switches of the network forming the ﬁrst part. The
next two parts are DG locations and sizes, as illustrated
in Fig. 5.
In order to reduce the search space and enhance the perfor-
mance of algorithm, a regulation in initial population genera-
tion and mutation stage of simple GA is made which obtains
following rules:Location of
DGs
Network 
Configuration
Figure 5 GA string for p Switches which do not belong to any loop are not gener-
ated; and
 Switches that are connected directly to substations are not
generated.
Initial population is randomly generated with normal distri-
bution. Single point cross-over and single point mutation are
performed by the probability of 0.8 and 0.02, respectively.
Cross-over and mutation process are illustrated in Fig. 6. Sto-
chastic uniform selection is done and pairs are selected for
reproduction. The process continues until it reaches the crite-
rion which is experimentally assumed to be production of
200–500 generations, according to each case study. In Fig. 7,
block diagram of this process is given.
4. Simulation results
Simulations are carried out for balanced and unbalanced net-
works. IEEE 33-bus and IEEE 69-bus test systems are chosen
for balanced studies and IEEE 25-bus test systems are used in
case of unbalanced simulations. The proposed method is
implemented using MATLAB software running on a computer
with Intel Core i3 CPU @ 2.27 GHz and 3 GB of RAM. In
calculations, substation voltage is assumed to be 1\0 pu, and
all sectionalizing and tie switches, except those that previously
have mentioned, are participating in the reconﬁguration. Addi-
tionally, in case of DG allocation, all nodes except substation
node are candidates for DG installation.
Simulations are ﬁrst done without considering DG sources
and DG allocation is studied afterward. In simulation process,
efﬁciency of the proposed method in balanced and unbalanced
networks is inspected. Furthermore, impacts of single-phaseDGs Delivered Power
DG,1 DG,N
roblem representation.
Figure 6 Mutation and cross-over process.
Figure 7 Block diagram of applying GA to the problem.
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Figure 8 Initial network structure for IEEE 33-bus test system.
Table 1 Comparison of simulation results for 33-bus
network.
Method Optimal conﬁguration Loss (kW)
Refs. [2,6,30,37] 7, 9, 14, 32, 37 139.55
Ref. [4] 7, 10, 14, 36, 37 142.68
Ref. [12] 9, 28, 33, 34, 36 146.37
Refs. [13,14] 7, 9, 14, 28, 32 139.98
Proposed 7, 9, 14, 32, 37 139.55
*Note that, not providing all parameters in the simulation results is
almost due to no improvement in them.
740 S.A. Taher, M.H. KarimiDG allocation in distribution systems reconﬁguration are
studied.
4.1. Reconﬁguration without DG allocation
In this part, the proposed method is applied in absence of DGs
to both balanced and unbalanced test networks.
4.1.1. IEEE 33-bus test system
One of the most common test networks in reconﬁguration is
Baran-Wu 33-bus test system. Network data and conﬁguration
of the system are provided in Table A1 and Fig. 8 respectively.
It has 5 tie-lines and its total complex power demand is
3.715 + j2.300 MVA. Also, the base network power loss is
202.6762 kW. Among a lot of previous studies, some of which
are mentioned in Table 1. It can be observed that conﬁguration
obtained by the proposed method is one of the best solutions
obtained so far.
4.1.2. IEEE 69-bus test system
Network data and initial conﬁguration of 69-bus test system
are given in Table A2 and Fig. 9 respectively. This network
has 5 tie-lines and total loads are 3.802 MW and 3.696 MVAr.
Initial power loss before reconﬁguration is 225.0390 kW.
Reconﬁguration results are given in Table 2 while a compari-
son is made with previous studies. It can be observed that
not only the conﬁguration obtained by the proposed algorithm
is one of the best results so far, but also it gives 4 conﬁgura-
tions in which the objective function is absolutely equal.
Obviously, proposed optimal conﬁgurations are obtained
independently from different runs of the algorithm and itmay offer an option for planner or operator to include other
indices if necessary.
4.1.3. IEEE 25-bus test system
Among a few unbalanced studies which have been performed
in reconﬁguration problem, 25-bus network is a common test
case. It has 3 tie switches and its total demand is
3.239 + j2.393 MVA. Power loss of the base conﬁguration is
151.121 kW. Network data are given in Tables A2 and A3
and also initial conﬁguration is illustrated in Fig. 10. In
accordance with [36], the conditions in which load of phase
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Figure 9 Initial network structure for IEEE 69-bus test system.
Table 2 Comparison of simulation results for 69-bus
network.
Method Optimal conﬁguration Loss (kW)
Ref. [46] 69, 70, 14, 45, 52 99.6209
Ref. [41] 69, 18, 13, 45, 50 105.2404
Ref. [38] 69, 70, 14, 45, 50 98.6174
Proposed 69, 70, 14, 47, 50 98.6174
69, 70, 14, 45, 50
69, 70, 14, 44, 50
69, 70, 14, 46, 50
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than phase B are deﬁned to be a case with 50% unbalanced
load; of course, total system load is clearly same as the base
load. Simulation results for two load conditions are summa-
rized in Table 3. It can be observed that, in the case of initial
unbalanced conditions, optimal conﬁguration is same with
[32]; when unbalanced condition increases to 50%, the pro-
posed optimal conﬁguration i.e. [11,14,25] differs from thenetwork presented in [32]. Although it has reduced power loss
a little bit more, our proposed solution increases the balanced
voltage nodes to a more extent (46.67%). Therefore, unbal-
anced loading condition might change optimal conﬁguration
of the system and can play an important role in reconﬁgura-
tion of unbalanced distribution systems.
4.2. Reconﬁguration and DG allocation
Although almost all previous studies on reconﬁguration prob-
lem in presence of DGs have done DG allocation prior to
reconﬁguration, some recent articles have performed reconﬁg-
uration together with DG allocation [40,41]. Therefore, a com-
parison is made for both assumptions to show the power of
proposed algorithm. This is implemented in balanced and
unbalanced conditions and the results are as follows.
4.2.1. IEEE 33-bus test system
Three cases which have been investigated in [13,30,41] are
chosen for optimal reconﬁguration and DG allocation. A
Table 4 Reconﬁguration and DG allocation of 33-bus balanced network.
Method Case I Case II Case III
Ref. [13] Proposed Ref. [30] Proposed Ref. [41] Proposed
DG size (number)
constraints
Predeﬁned size
and location
100 kW,
ﬁxed (4)
Predeﬁned size
and location
350 kW, ﬁxed (4) 0–2 MW (3) 0–2 MW (3)
SDGs (kVA) 410 + j160.77 400 + j0 1400 + j0 1400 + j0 1668.4 + j0 1828.57 + j0
DG Size (kVA)
(location)
40 + j30 (3) 100 (17) 350 (9) 350 (15) 525.8 (32) 685.71 (32)
90 + j43.589 (6) 100 (18) 350 (12) 350 (25) 558.6 (31) 742.86 (25)
180 + j87.178 (24) 100 (32) 350 (19) 350 (30) 584 (33) 400 (12)
100 (29) 100 (33) 350 (26) 350 (32)
Optimal conﬁguration 6, 10, 14, 17, 28 7, 9, 14, 31, 37 7, 9, 14, 30, 37 7, 10, 14, 28, 31 7, 10, 14, 28, 32 7, 9, 14, 28, 30
Loss (kW) 110.26 108.5535 76.8436 69.0705 63.95 59.6839
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Figure 10 Initial network structure for IEEE 25-bus test system.
Table 3 Comparison of simulation results for 25-bus unbalanced network.
Load condition Initial 50% Unbalanced
Method Ref. [32] Proposed Ref. [32] Proposed
Optimal conﬁguration 111421 111421 111421 111425
Increment in #BVN (%) 0 0 40.00 46.67
Increment in #BCF (%) 0 0 0 0
Increment in #NVP (%) 0 0 5.63 5.63
Loss reduction (%) 11.08 11.08 11.55 11.07
742 S.A. Taher, M.H. Karimicomparison is made and summarized in Table 4, where con-
straints on size and location of DGs, total optimal active
and reactive power, optimal size and location of DGs, optimal
conﬁguration, and ﬁnal network power loss are given. It is
observed that power loss can be reduced if the network oper-
ational structure is taken into account while dealing with
DG allocation. In [8,10], DG installation nodes are deﬁned
before reconﬁguration of the network. Therefore, in the ﬁrst
and second cases, proposed size of DGs is assumed to be ﬁxed,
i.e. 100 kW and 350 kW, respectively, for a better comparison
with [8,10]. In the third case, a comparison is made withrespect to limitations on the number and size of DG units
given in [41], i.e. three 0–2 MW DG units. It can be observed
that proposed result has lower power loss (59.6839 kW) with
more DG penetration level. For this case, the convergence
property is provided in Fig. 11.4.2.2. IEEE 69-bus test system
To investigate the efﬁciency of proposed algorithm in larger
networks, it is applied to 69-bus system. In the ﬁrst case,
DG allocation is done with ﬁxed capacity to compare results
0 50 100 150 200 250 300 350 400 450 500-12
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Elapsed time: 574.425543 seconds
Best fitness: -11.5351
Figure 11 Convergence property of reconﬁguration and DG allocation for 33-bus test network, Case III.
Optimal reconﬁguration and DG allocation in balanced and unbalanced distribution systems 743with [30], in which reconﬁguration is done after DG allocation.
Lastly, for the second case, DG allocation is performed
together with reconﬁguration with respect to limitations men-
tioned in [41]. DG size, quantity constraints and optimization
results are summarized in Table 5. It can be seen that lower
power loss is achieved by the proposed method for both cases.
Finally, in Fig. 12, convergence properties of the latter case are
illustrated.
4.2.3. IEEE 25-bus test system
Investigations on 25-bus test system are ﬁrst done with bal-
anced DG units in part A to provide a valid comparison with0 50 100 150 200 2-40
-30
-20
-10
0
Gene
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tn
es
s 
va
lu
e
Figure 12 Convergence property of reconﬁguration a
Table 5 Reconﬁguration and DG allocation of 69-bus balanced ne
Method Case I
Ref. [30]
DG size (number) constraints Predeﬁned size and location
SDGs (kVA) 2700 + j0
DG Size (kVA) (location) 450 (6)
450 (21)
450 (28)
450 (39)
450 (44)
450 (51)
Optimal conﬁguration 14, 45, 50, 70, 71
Loss (kW) 85.2230previous works; then, unbalanced DG units are allocated for
optimal operation assessment of the system.
4.2.3.1. Part A: Balanced power injection. Results obtained
from reconﬁguration and DG allocation are presented in
Table 6. Clearly, it is observed that with same power delivery
via DG units, the results of proposed method can reduce three-
phase total loss to 120.2829 kW which is less in comparison
with the results in [29].
4.2.3.2. Part B: Unbalanced power injection. In this part, three
DG units are considered, each phase of which is controlled50 300 350 400 450 500
ration
Elapsed time: 1181.094836 seconds
Best fitness: -36.153
nd DG allocation for 69-bus test network, Case I.
twork.
Case II
Proposed Ref. [41] Proposed
450 kW, ﬁxed (6) 0–2 MW (3) 0–2 MW (3)
2700 + j0 1871.8 + j0 1885.72 + j0
450 (11)
450 (39)
450 (49) 1066.6 (61) 1314.29 (50)
450 (50) 352.5 (60) 371.43 (53)
450 (51) 452.7 (62) 200 (57)
450 (53)
47, 52, 14, 70, 69 13, 17, 47, 50, 69 14, 47, 50, 69, 70
34.9366 40.30 37.4297
Table 6 Reconﬁguration and balanced DG allocation for 25-bus unbalanced network.
Method Ref. [29] Proposed
DG size (number) constraints Predeﬁned size and location 2 * 100/0.9lag & 1 * 100 kVA, ﬁxed (3)
SDGs (kVA), Max 280 + j87.178 280 + j87.178
DG size (kVA) (location) 100/0.9Lag (15) 100/0.9Lag (11)
100 (12) 100 (13)
100/0.9Lag (22) 100/0.9Lag (15)
Optimal conﬁguration 11, 14, 21 11, 14, 21
Total loss (kW) 121.21 120.2829
744 S.A. Taher, M.H. Karimiindependently. Installed single phase DG is assumed to be less
than 200 kW in each phase. Following four cases are examined
in optimizations: In the ﬁrst case, load level and unbalanced
condition are same as the original 25-bus test system. Second
case is deﬁned when only the unbalanced load condition is
made worse (50%), but with no change to load level at each
node. For the third case, three-phase unbalance condition of
the load is equal to base system, and in the fourth case, load
is 50% unbalance. In the third and fourth cases, load level is
assumed 1.2 times greater than base case demand. This is
deﬁned as heavy load level and is adapted from [19]. Optimiza-
tion results are summarized in Table 7. DG constraints in size0 50 100 150-6
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Figure 13 Convergence property of reconﬁguration a
Table 7 Optimal conﬁguration and optimal DG unbalance injectio
Case Case I Unb. condition:
Base Load level: Base
Case II Unb. cond
Load level: Base
DG size (number)
constraints
0–200 kW (3) 0–200 kW (3)
PBeforeLoss ðkWÞ 150.121 183.952
#NVPBefore 75 71
#BVNBefore 25 25
#BCFBefore 24 0
Optimal conﬁguration 11,14,21 10,14,20
Location DG1DG2DG3 200, 200, 200 (25) 96, 200, 200 (21)
200, 200, 200 (15) 72, 200, 200 (15)
200, 200, 200 (10) 0, 200, 200 (11)
PAfterLoss ðkWÞ 63.843 96.073
%Loss reduction 57.47 46.14
#NVPAfter 75 75
#BVNAfter 25 25
#BFCAfter 24 10and number, power loss, number of normal phases, number of
balanced voltage nodes and balanced current feeders before
and after reconﬁguration and DG allocation are provided.
Moreover, optimum conﬁguration, optimal location of DG
units and their size are given.
It can be observed that reconﬁguration and unbalanced DG
allocation not only reduce power losses and voltage violations
effectively, but also lessen the voltage and current unbalance at
nodes and feeders, respectively. In the second and forth cases,
where some nodes and feeders violated the unbalance con-
straints before reconﬁguration and DG allocation, optimal
network is almost balanced from the voltage point of view200 250 300 350
ration
Elapsed time: 491.2828946 seconds
Best fitness: -5.6966
nd DG allocation for 25-bus test network, Case I.
n for 25-bus unbalanced network.
ition: 50% Case III Unb. condition:
Base Load level: Heavy
Case IV Unb. condition:
50% Load level: Heavy
0–200 kW (3) 0–200 kW (3)
221.746 274.909
75 65
25 19
24 0
11,14,21 11,14,21
200, 200, 200 (25) 56, 200, 200 (11)
200, 200, 200 (15) 48, 200, 200 (15)
200, 200, 200 (10) 32, 200, 192 (25)
101.367 144.848
54.29 47.31
75 75
25 25
24 8
Optimal reconﬁguration and DG allocation in balanced and unbalanced distribution systems 745and some feeders are balanced as well. Therefore, reconﬁgura-
tion along with DG allocation can be used for three-phase bal-
ancing of distribution systems. In this case, the convergence
property is illustrated in Fig. 13.
5. Conclusions
In this study, simultaneous reconﬁguration and DG allocation
have been carried out in both balanced and unbalanced distri-
bution networks. Three-phase balancing of currents and volt-
ages has been set as a new target in the optimization process.
A new composite objective function has been deﬁned, which
consisted of improvement percentage in: power loss saving,
the number of in-range system voltages, the number of bal-
anced voltage nodes, and the number of balanced current feed-
ers. Optimization has been performed with GA, using a string
containing open switches of the network, and location and size
of DGs. Additional restrictions had been imposed to GA pro-
cedure in order to reduce the search space. Given the lack of a
robust and accurate algorithm for such networks analysis and
speciﬁcally in the reconﬁguration process, a recent three-phaseTable A1 Network data for IEEE 33-bus system.
Br Snd. Rcv. R (Ohm)
1 1 2 0.0922
2 2 3 0.4930
3 3 4 0.3660
4 4 5 0.3811
5 5 6 0.8190
6 6 7 0.1872
7 7 8 0.7114
8 8 9 1.030
9 9 10 1.044
10 10 11 0.1966
11 11 12 0.3744
12 12 13 1.468
13 13 14 0.5416
14 14 15 0.5910
15 15 16 0.7463
16 16 17 1.289
17 17 18 0.7320
18 2 19 0.1640
19 19 20 1.5042
20 20 21 0.4095
21 21 22 0.7089
22 3 23 0.4512
23 23 24 0.8980
24 24 25 0.8960
25 6 26 0.2030
26 26 27 0.2842
27 27 28 1.059
28 28 29 0.8042
29 29 30 0.5075
30 30 31 0.9744
31 31 32 0.3105
32 32 33 0.3410
Tie lines
33 8 21 2
34 9 15 2
35 12 22 2
36 18 33 0.5
37 25 29 0.5load ﬂow algorithm has been implemented. Simulation results
and comparison studies established the power of proposed
algorithm in achieving deﬁned objectives for both balanced
and unbalanced studies. Also, they indicate that consideration
of network conﬁguration in DG allocation problem can lead
to better solutions. Speciﬁcally, for unbalanced DG units, it
can offer better solutions in optimal planning of practical dis-
tribution networks; so that, optimum allocation of unbalanced
DGs along with reconﬁguration leads to considerably low
power dissipation, improved three-phase voltage and current
unbalance indices and extremely few numbers of buses with
outrange voltage magnitudes.Appendix A
A.1. IEEE 33-bus system
Vb = 12660 V; Sb = 100 MVA see Table A1.X (Ohm) PRcv (kW) QRcv (kVAr)
0.0470 100 60
0.2511 90 40
0.1864 120 80
0.1941 60 30
0.707 60 20
0.6188 200 100
0.2351 200 100
0.740 60 20
0.740 60 20
0.0650 45 30
0.1238 60 35
1.155 60 35
0.7129 120 80
0.526 60 10
0.545 60 20
1.721 60 20
0.574 90 40
0.1565 90 40
1.3554 90 40
0.4784 90 40
0.9373 90 40
0.3083 90 50
0.7091 420 200
0.7011 420 200
0.1034 60 25
0.1447 60 25
0.9337 60 20
0.7006 120 70
0.2585 200 600
0.963 150 70
0.3619 210 100
0.5302 60 40
2
2
2
0.5
0.5
Table A2 Network data for IEEE 69-bus system.
Br Snd. Rcv. R (Ohm) X (Ohm) PRcv (kW) QRcv (kVAr)
1 1 2 0.0005 0.0012 0 0
2 2 3 0.0005 0.0012 0 0
3 3 4 0.0015 0.0036 0 0
4 4 5 0.0251 0.0294 0 0
5 5 6 0.366 0.1864 2.6 2.2
6 6 7 0.3811 0.1941 40.4 30
7 7 8 0.0922 0.047 75 54
8 8 9 0.0493 0.0251 30 22
9 9 10 0.819 0.2707 28 19
10 10 11 0.1872 0.0619 145 104
11 11 12 0.7114 0.2351 145 104
12 12 13 1.03 0.34 8 5.5
13 13 14 1.044 0.345 8 5.5
14 14 15 1.058 0.3496 0 0
15 15 16 0.1966 0.065 45.5 30
16 16 17 0.3744 0.1238 60 35
17 17 18 0.0047 0.0016 60 35
18 18 19 0.3276 0.1083 0 0
19 19 20 0.2106 0.0696 1 0.6
20 20 21 0.3416 0.1129 114 81
21 21 22 0.014 0.0046 5.5 3.5
22 22 23 0.1591 0.0526 0 0
23 23 24 0.3463 0.1145 28 20
24 24 25 0.7488 0.2475 0 0
25 25 26 0.3089 0.1021 14 10
26 26 27 0.1732 0.0572 14 10
27 3 28 0.0044 0.0108 26 18.6
28 28 29 0.064 0.1565 26 18.6
29 29 30 0.3978 0.1315 0 0
30 30 31 0.0702 0.0232 0 0
31 31 32 0.351 0.116 0 0
32 32 33 0.839 0.2816 14 10
33 33 34 1.708 0.5646 19.5 14
34 34 35 1.474 0.4873 6 4
35 4 36 0.0034 0.0084 0 0
36 36 37 0.0851 0.2083 79 56.4
37 37 38 0.2898 0.7091 384.7 274.5
38 38 39 0.0822 0.2011 384.7 274.5
39 8 40 0.0928 0.0473 40.5 28.3
40 40 41 0.3319 0.1114 3.6 3.7
41 9 42 0.174 0.0886 4.35 3.5
42 42 43 0.203 0.1034 26.4 19
43 43 44 0.2842 0.1447 24 17.2
44 44 45 0.2813 0.1433 0 0
45 45 46 1.59 0.5337 0 0
46 46 47 0.7837 0.263 0 0
47 47 48 0.3042 0.1006 100 72
48 48 49 0.3861 0.1172 0 0
49 49 50 0.5075 0.2585 1244 888
50 50 51 0.0974 0.0496 32 23
51 51 52 0.145 0.0738 0 0
52 52 53 0.7105 0.3619 227 162
53 53 54 1.041 0.5302 59 42
54 11 55 0.2012 0.0611 18 13
55 55 56 0.0047 0.0014 18 13
56 12 57 0.7394 0.2444 28 20
57 57 58 0.0047 0.0016 28 20
58 3 59 0.0044 0.0108 26 18.55
59 59 60 0.064 0.1565 26 18.55
60 60 61 0.1053 0.123 0 0
61 61 62 0.0304 0.0355 24 17
62 62 63 0.0018 0.0021 24 17
63 63 64 0.7283 0.8509 1.2 1
64 64 65 0.31 0.3623 0 0
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Table A2 (Continued)
Br Snd. Rcv. R (Ohm) X (Ohm) PRcv (kW) QRcv (kVAr)
65 65 66 0.041 0.0478 6 4.3
66 66 67 0.0092 0.0116 0 0
67 67 68 0.1089 0.1373 39.22 26.3
68 68 69 0.0009 0.0012 39.22 26.3
Tie lines
69 11 66 0.5 0.5
70 13 21 0.5 0.5
71 15 69 1 0.5
72 39 48 2 1
73 27 54 1 0.5
Table A3 Network data for IEEE 25-bus unbalanced system.
Br Snd. Rcv. Type Length (feet) SA (kVA) Col. Rcv SB (kVA) Col. Rcv SC (kVA) Col. Rcv
1 1 2 1 1000 0 0 0
2 2 3 1 500 35 + j25 40 + j30 45 + j32;
3 2 6 2 500 40 + j30 45 + j32 35 + j25
4 3 4 1 500 50 + j40 60 + j45 50 + j35;
5 3 18 2 500 40 + j30 40 + j30 40 + j30
6 4 5 2 500 40 + j30 40 + j30 40 + j30;
7 4 23 2 400 60 + j45 50 + j40 50 + j35
8 6 7 2 500 0 0 0;
9 6 8 2 1000 40 + j30 40 + j30 40 + j30
10 7 9 2 500 60 + j45 50 + j40 50 + j35;
11 7 14 2 500 50 + j35 50 + j40 60 + j45
12 7 16 2 500 40 + j30 40 + j30 40 + j30;
13 9 10 2 500 35 + j25 40 + j30 45 + j32
14 10 11 2 300 45 + j32 35 + j25 40 + j30;
15 11 12 3 200 50 + j35 60 + j45 50 + j40
16 11 13 3 200 35 + j25 45 + j32 40 + j30;
17 14 15 2 300 133.3 + j100 133.3 + j100 133.3 + j100
18 14 17 3 300 40 + j30 35 + j25 45 + j32;
19 18 20 2 500 35 + j25 40 + j30 45 + j32
20 18 21 3 400 40 + j30 35 + j25 45 + j32;
21 20 19 3 400 60 + j45 50 + j35 50 + j40
22 21 22 3 400 50 + j35 60 + j45 50 + j40
23 23 24 2 400 35 + j25 45 + j32 40 + j30
24 24 25 3 400 60 + j45 50 + j30 50 + j35
Tie lines
25 5 22 2 400 – – –
26 15 8 2 300 – – –
27 12 25 3 500 – – –
Table A4 Feeder types for IEEE 25-bus unbalanced system.
Type Impedance matrix (Ohm/mile)
1 0.3686 + j0.6852 0.0169 + j0.1515 0.0155 + j0.1098
0.0169 + j0.1515 0.3757 + j0.6715 0.0188 + j0.2072
0.0155 + j0.1098 0.0188 + j0.2072 0.3723 + j0.6782
2 0.9775 + j0.8717 0.0167 + j0.1697 0.0152 + j0.1264
0.0167 + j0.1697 0.9844 + j0.8654 0.0186 + j0.2275
0.0152 + j0.1264 0.0186 + j0.2275 0.9810 + j0.8648
3 1.9280 + j1.4194 0.0161 + j0.1183 0.0161 + j0.1183
0.0161 + j0.1183 1.9308 + j1.4215 0.0161 + j0.1183
0.0161 + j0.1183 0.0161 + j0.1183 1.9337 + j1.4236
Optimal reconﬁguration and DG allocation in balanced and unbalanced distribution systems 747A.2. IEEE 69-bus system
Vb = 12660 V; Sb = 100 MVA see Table A2.
A.3. IEEE 25-bus system
See Tables A3 and A4.
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